aquifer response to large rainfall events. Results indicate the developed model was able to reproduce 23 measured water table elevation with an average Nash-Sutcliffe > 0.9 and Root Mean Square Error < 0.05 24 m. The model predicted that incremental raises in canal stage resulted in significant differences (p < 0.05) 25 in water table elevation. Increases in canal stage of 9 and 12 cm resulted in occasional root zone 26 saturation of low elevation sites. The model was able to mimic the rise and fall of the water table pre and 27 post Tropical Storm Isaac of August 2012. The model also predicted that lowering canal stage at least 48 28 hours prior to large storm (>2 year return period storm), reduced water table intrusion into the root zone. 29
We conclude that the impact of operational changes in canal stage management on root zone saturation 30 and groundwater flooding depended on micro-topography within the field and depth of storm events. The 31 findings of this study can be used in fine tuning canal stage operations to minimize root zone saturation 32 and groundwater flooding of agricultural fields while maximizing environmental benefits through 33 increased water flow in the natural wetland areas. This study also highlights the benefit of detailed field 34 scale simulations. 35
Introduction 38
The C-111 canal constructed in 1966 is the southernmost canal of the central and south Florida canal 39 system and serves a 259 square-kilometer basin. The primary function of the C-111 canal system is to 40 provide flood protection and drainage for agricultural areas along the eastern boundary of Everglades 41 National Park (ENP). Taylor Slough is a natural drainage feature of the Everglades that empties its fresh 42 water into Florida Bay (Fig. 1) . Past dredging of the C-111 canal redirected water flow, causing water to 43 flow east from ENP into C-111 (Fig. 1 ). This resulted in reduced flows in Taylor [SFWMD], 2011). Through operational adjustments and structural modifications, the goal of the C-111 55 spreader canal project is to restore the quantity, timing and distribution of water delivered to Florida Bay 56 via Taylor Slough to levels as near as possible to pre-drainage conditions, while maintaining flood 57 protection for nearby agricultural lands. In addition, there is a goal to restore hydroperiods that support 58 pre-drainage vegetation patterns in ENP. To achieve the objectives, operational adjustments are proposed 59 that include incrementally raising the canal stage by 3.0 cm per year up to a maximum of 12.0 cm at 60 structure S-18C which is a gated spillway (Fig. 1) . 61
(1, 2, 3, and 5) were maintained by University of Florida (UF), IFAS (Kisekka et al., 2013a) . UF wells 114
were equipped with level loggers (Levelogger, Gold Solinst Canada Ltd., 35 Todd Rd, Georgetown, 115
Ontario, Canada) to record water table elevation every 15 minutes although daily averages were used in 116 modeling. UF observation wells were drilled to a depth of 6m. Atmospheric corrections were accounted 117 for using a STS Barologger (Solinst Canada Ltd) in well 5 (Fig. 1 ). Data were downloaded weekly and as 118 a quality control procedure, water table elevations were also measured manually with a Model 102 laser 119 water level well meter (Solinst, Canada Ltd). Elevations at the top of the well manholes were measured 120 using a laser level with reference to a SFWMD bench mark with elevation 1.19 m NGVD29 near well 4. 121
Water table elevation data for wells 4 (C-111AE) and 6 (C-111AW) drilled to a depth of 4 m were 122
processed by SFWMD and published on DBHydro 123
(http://www.sfwmd.gov/dbhydroplsql/show_dbkey_info.main_menu). 124
Hydrologic system 125
The highly permeable Biscayne aquifer system comprises of rocks (primarily limestone) and 126 formations could exceed 10,000 m/day. The high hydraulic conductivities could be attributed to 133 secondary-solution cavities in the limestone formation. The cavities are typically less than 2" in diameter 134 but they are very abundant making the aquifer behavior like a sponge (Fisher and Stewart, 1991) . This 135 could also explain the high connectivity between the canals and the aquifer. Fisher and Stewart (1991) 136 also noted that there were significant local variations in hydraulic conductivity within the aquifer. 137
Field determination of hydrogeologic parameters using pumping tests is very challenging for highly 138 conductive geologic formation such as those found in the Biscayne aquifer. Genereux and Guardiario 139 (1998) attributed it to the following reasons: 1) very large pumps and conveyance systems that usually 140 required for producing a drawdown large enough to be measured, 2) large amounts of water generated 141 that have to be deposed of and 3) violation of assumptions made in the analysis of well pumping data. 142
Through a large scale canal drawdown experiment Genereux and Guardiario (1998) also reported a 143 thickness of 13.6 m for our current study site with roughly one third (~4.5 m) accounted for by the Miami 144 limestone formation. Kisekka et al. (2013b) applied inverse modeling using a quasi-canal-aquifer 145 interaction model and estimated Biscayne aquifer thickness at our study site to range between 13.5 and 146
m)
. Specific yield at our study site was estimated as 0.102 (ranging between 0.07 and 0.13) by 147 Kisekka et al. (2013b) which is within range of 0.15 estimated using a large scale canal drawdown by 148
Bolster et al. (2001) . Canal-aquifer interaction hydraulic parameters will be determined using inversing 149 modeling in the present study. of approximately 29 m at the S177 gated spillway (Fig. 1) . Currently little is known about hydraulic 156
properties of canal bed sediment in the lower C-111; however, presence of a low permeability canal bed 157 sediment layer which is a mixture of carbonate mud and natural organic matter in several canals within 158 the C-111 basin has been documented (Chin, 1991; Genereux and Guardiario, 1998; Merkel, 2000) . 159
Using inverse modeling and a quasi-canal-aquifer interaction model, Kisekka et al. (2013b) estimated the 160 ratio of canal bed thickness to bed sediment hydraulic conductivity as 0.015 (ranging between 0.009 and 161 0.020) days which is close to the 0.029 days estimated by Bolster et al. (2001) for nearby canal L-31W 162 (Fig. 1) . 163 
Numerical model 170
A 2D (two dimensional) conceptual model in (Fig. 2) shows the location of the canals, Biscayne 171 aquifer limestone layers, observation wells and surface topography. The hydrogeologic system was 172 modeled as a one layer unconfined aquifer with 2D horizontal flow similar to the approach used by 173 ] is a source/sink term, with W > 0 for flow into the aquifer and W < 0 for flows out of the aquifer. 185
Due to its computational efficiency and the improved ability to control the conversion between wet and 186 dry cells, the Preconditioned Conjugate-Gradient (PCG) package was used to solve the finite difference 187 equations at each time step of the MODFLOW stress period. For unconfined flow, MODFLOW modifies 188
Eq. 1 by substituting the specific storage with the specific yield and allows transmissivity to vary based 189 on the changes in aquifer saturated thickness. 
Boundary conditions 194
The following boundary conditions were used in the simulation: canals stage, evapotranspiration, and 195 recharge. values assigned to the headwater side of the S178 gated culvert. Given the relatively flat topography, the 215 average of tailwater canal stage at S177T and the headwater stage at S18C were used to represent the west 216
and south boundary conditions for all cells downstream of S177 while head water canal stage at S177H 217 was used to represent canal stage for all cells north of S177. Similarly, canal stage at S178 (tail waters) 218 and S18C (headwaters) represented the east boundary condition for all cells. Canal stage data were 219 measured by the SFWMD and are publically available on DBHydro. The northern boundary was 220 described as a general head boundary using groundwater levels from a well installed by University of 221 Florida IFAS (i.e., well 1). 222 Recharge to the aquifer was simulated using the RCH package. The recharge amount entering 231 groundwater was calculated as the difference between rainfall and evapotranspiration. A recharge value 232 was assigned to each stress period which was one day. To minimize the uncertainty associated with 233 spatial variability of rainfall in south Florida, gauge adjusted NEXRAD (Next Generation Radar) rainfall 234 data were used (Skinner et al., 2008) . 235 
Space and time discretization 239
The finite difference grid consisted of a single layer covering approximately 17 km 2 . The model layer 240 was discretized into 69 rows (running east to west) and 46 columns ( fig. 4) . Nodal spacing for the 241 columns ranged from 53.5 m to 105.6 m from west to east with the smallest spacing closest to the canal 242 since this is where greater changes in hydraulic head would be expected. Nodal spacing for the rows was 243 constant over the model domain and set to 100.6 m. Further reductions in discretization did not appear to 244 improve simulation results. All the spatial discretization was implemented using a pre and post processor 245 for MODFLOW called MODFLOW Graphical User Interface Plug-In Extension (GUI-PIE) version 246 4.34.00, an Argus One Plug-In Extension (PIE) (Winston, 2000) . 247
The model simulated conditions from 25 August 2010 to 28 February 2013. The time step and stress 248 period sizes were set to one day; the multiplier was also set to one day. The period from 25 August 2010 249
to December 2011 was used to calibrate the model, while the data from 01 January 2012 to 28 February 250 2013 was used to validate the model. It was assumed that canal stage did not change during each stress 251 period which was reasonable because 24-hour variations in canal stage were small unless a large rain 252 event occurred or an operational change in canal stage management was implemented. Initial conditions 253 over the model domain were obtained from observation well data at the start of the simulation and 254 interpolated over the model domain using Argus ONE interpolation utilities. 255 
Sensitivity analysis and parameter estimation 259
Sensitivity analysis and parameter estimation were performed using the sensitivity and parameter 260 estimation (PES) processes in MODFLOW 2000 (Hill et al. 1998; Hill et al., 2000) . PES calculated 261 parameter values that minimized a weighted least squares objective function using nonlinear regression. 262
The objective function was minimized using the modified Gauss-Newton (also known as the Levenberg-263
Marquardt method) as well as prior information on the parameter estimates (Hill et al., 1998) . To reduce 264 problems associated with inverse modeling such as insensitivity, instability and non-uniqueness, only 265 parameters identified through sensitivity analysis to have greatest influence on model output were 266 estimated. The sensitivity equation method was used in the sensitivity analysis package. 267
Output from MODFLOW 2000 also includes inferential statistics such as dimensionless scaled 268 sensitivities (DSS) and composite scaled sensitivities (CSS). These inferential statistics measure the 269 amount of information provided by the observations and the uncertainty with which the parameters values 270 are estimated (Hill, 1998) . DSS are typically used to compare the importance of different observations for 271 estimation of a single parameter. CSS are calculated for each parameter using DSS for all the 272 observations and indicate the amount of information provided by the observations for the estimation of a 273 single parameter. 274
Model validation 275
Model validation was implemented using a statistical model evaluation tool called FITEVAL (Ritter 276 and Muñoz-Carpena, 2012). FITEVAL computes a non-dimensional goodness-of-fit indicator Ceff 277 (Nash-Sutcliffe coefficient of efficiency), a dimensional goodness-of-fit indicator RMSE (Root Mean 278
Square Error) as well as model prediction uncertainty ranges. FITEVAL computes a 95% confidence 279 interval based on a goodness-of-fit probability density function estimated using bootstrap technique. 280 simulation purposes, incremental raises in canal stage were mimicked by adding the proposed increments 292 of 0.06, 0.09 and 0.12 m to canal stage. Only tail water canal stage at S177 and S178 were modified. 293
Canal stage of the head waters at S177 and S178, rainfall, and evapotranspiration from the period of 294 record were used. The initial condition was taken as the interpolated
Assessing aquifer response to large storms 300
When a large storm is forecasted, the SFWMD uses data products from the National Hurricane Center 301 (NHC) to make pre-and post-storm operational plans. These include making forecasts of quantitative 302 precipitation that are accurate within 2-4 days prior to the storm and corresponding regional canal level 303 lowering to ensure continued flood protection. During the storm event, the SFWMD continues to monitor 304 flood control structures as well as storm position and intensity. During Tropical Storm Isaac, the SFWMD 305 requested the USACE to put C-111 in pre-storm mode in order to minimize potential impacts. USACE 306 approved pre-storm drawdown request and gate openings and pumping were initiated August 23, 2012 307 (Strowd, 2012) . 308
The period August 21 to August 30, 2012 was chosen for the analysis of Biscayne Aquifer response to 309 large storms as this period corresponded to Tropical Storm Isaac (> 60 mm total rainfall in one day). To 310 simulate aquifer response to large storm events, MODFLOW was used with a small time step of 15 311 minutes. A stress period size of one day was also used to match available tail water canal stage and 312 precipitation data at S177 and S178 (Fig. 1) . Model simulations of aquifer response to recharge were 313 checked using the water where Sy is the aquifer specific yield, recharge refers to net input from rainfall and evapotranspiration 316 and head difference refers to the change in water table elevation resulting from the recharge. 317
The MODFLOW model was also applied to assess aquifer response to two, five, ten and 25 year return 
Sensitivity analysis and parameter estimation results 333
The CSS for our study summarized in (Fig. 5) on the head water side at S177, C2 is canal bed conductance multiplier for the C-111 reach between S177 353 and the point where C-111 joins C-111E to become a single canal, C3 is canal bed conductance 354 multiplier for reach of C-111E on the tail water side of S178 and C4 is canal bed conductance multiplier 355 for the reach of C-111E on the headwater side of S178. 356
During parameter estimation, the least squares objective function was minimized after five iterations. 357
Based on data from 5 observation wells a hydraulic conductivity value of 12,115 m/day was estimated. 
Model Calibration and validation 372
Calibration (August 25, 2010 to December 31, 2011) results reproduced observed water table 373 elevations (WTEs) at five observation wells (2 to 6) with an average Ceff greater than 0.9 (Table 2) . 374
Temporal variations in WTE showed seasonal increases and decreases in WTE. The dry season was 375 characterized by decrease in WTE due to low rainfall while increased WTE in the wet season was due to 376 increase in rainfall and changes in canal stage management. The RMSE ranged from 1.0 cm to 7.0 cm 377 with the lowest value observed at well 6 and the highest value at well 4. Study site topography is 378 essentially flat implying that small variations in hydraulic head govern which direction water flows, 379 therefore it was desired to achieve the lowest RMSE possible (e.g., < 6 cm). However, it was not possible 380 to obtain RMSE < 6 cm at all wells due to limitations e.g., uncertainties in model parameters, model 381 structure, and model input, all of which introduce uncertainties in model simulations. There could also be 382 errors in the observed data used for model calibration. This type of error was minimized by comparing 383 level logger data with manual measurements during each download. Under the C-111 spreader canal 384 project the smallest proposed incremental raise in canal stage at S18C is 3 cm. However, the RMSE of 385 our model predictions are larger than 3 cm at four out of the five observation wells within the study area 386 domain, for this reason only the 6, 9 and 12 cm incremental raises in canal stage were further analyzed for 387 their effect on water table elevation. 388
Figs. 6 to 10 show FITEVAL summary of the goodness-of-fit statistics for validation of model 389 predictions at all the observation wells. Overall the agreement between simulated and observed water 390 table elevations was very good (Ceff > 0.9 and 1 cm < RMSE < 5 cm) with the exception of site well 4, 391 at which model performance was determined to be acceptable (0.68 < Ceff < 0.78). The over prediction at 392 observation well 4 could be attributed to several factors e.g., heterogeneity in hydrogeological conditions 393 and uncertainty in model input parameters and observed data. The very good performance of the model at 394 all the other sites indicates boundary conditions definition was sufficient to describe groundwater flow. 395
The results also indicate that describing canal-aquifer interactions using the simple RIV package 396 indicated that with the exception of well 4, the model developed for the study area was accurate and not 407 biased implying it could be used to further investigate the impact of proposed incremental raises in canal 408 stage on water table elevation. 409 Table 2 . 410 Table 2. Goodness-of-fit statistics for model calibration for water table elevation predictions 
Model application results 430
The root zone for all sites was approximately the first 20 cm from the ground surface as measured in 431 the field. Visual exploration of temporal variation in water table elevation in reference to the root zone 432 (Figs. 11 to 12 ) revealed that under current canal stage management criteria for the period August 25, 433 2010 to February 28, 2013, average daily water table elevation occasionally extended into the root zone at 434 well 6 and well 4 study sites which also had the lowest ground surface elevation. At well 5 and well 3 435 sites, where land surface elevation exceeded 2 m, water table elevation was not observed to enter the root 436 zone. Thus, surface topography might influence water table fluctuations into the root zone more than 437 distance from the canal. Results from model applications (Figs. 13 to 15 ) revealed that average daily 438 water table elevation before (grey shade) and after (blue shade) the incremental rises in canal stage was 439 significantly different (p < 0.001) for monitoring well 4, well 6, and well 5 sites. For well 2 and well 3 440 sites, water table elevation before and after the proposed incremental raises in canal stage were not 441 significantly different (p > 0.05) . The lack of significant difference in water table levels before and after 442 the incremental raises in canal stage for wells 2 and 3 could be attributed to that fact canal stage was not 443 changed north of S177 and S178 (Fig. 1) . 444
The increase in water table elevation for wells 4, 6, and 5 corresponding to a 6 cm rise in canal stage 445 ranged between 4.5 and 6.0 cm, while the increases corresponding to 9 and 12 cm were 7.0 to 9.0 cm and 446 The absence of flooding at low elevation sites such as at well 4 and 6 could be attributed to the pre 497 and post tropical storm Isaac canal drawdown that was undertaken by the SFWMD and USACE. This 498 included regional lowering of canal stage particularly by operating canals C-111 under pre-storm mode 499 and opening the flood control structures (Strowd, 2012) . Tropical Storm Isaac occurred when the fields at 500 well 5, well 4, and well 6 were fallow, so no risk to crop damage occurred. If a similar event were to 501 occur when vegetable crops were present and with no pre-storm canal drawdown, sites with lower 502 elevations (e.g., well 4 and well 6) would likely experience yield loss due to root zone saturation. The 503 event would also delay entry into the field by any machinery for agricultural activity. Higher elevation 504 sites (e.g., well 5) were expected to be less impacted by such a storm as the water table was still below the 505 root zone. This further illustrates the need for detailed topographic data and field scale simulation of 506 canal-aquifer system to better relate locations with potential risk of groundwater flooding. This model 507 could be used to further explore drawdown scenarios for this area prior to major storm events. were effective for 10-and 25-year return period storms, respectively. It is worth noting that the influence 526 of the 48 hour canal stage drawdown prior to a forecasted storm was dependent on the distance from the 527 canal. As shown by the depressions in the drawdown graphs (Figs. 17 and 18 ) for well 6, well 5 and well 528 3 sites which are 500, 1000, and 1000 m from C-111 canal, respectively. Overall these results predict that 529 canal drawdown is effective as a pre storm water management technique for ensuring continued flood 530 protection of agricultural lands within the C-111 basin. However, it is critical to remember that 531 management decisions should be made in view of the uncertainty associated with model predictions as 532
shown in Figs. 6 to 10. Also, the size of the drawdown should match forecasted storm depth and post 533 storm activities should ensure the canal drainage continues to provide other services such as control of 534 salt water intrusion. 535 Figure 17 . Canal-aquifer system response to large storms of various sizes for wells north of the spillway 537 at S177, were YR refers to year and RP refers to return period, graphs also shows that canal stage 538 drawdown prior to the forecasted storm reduces the risk of root zone saturation and groundwater flooding 539 Figure 18 . Canal-aquifer system response to large storms of various sizes for wells south of the spillway 541 at S177, were YR refers to year and RP refers to return period, graphs also shows that canal stage 542 drawdown prior to the forecasted storm reduces the risk of root zone saturation and groundwater flooding. 543
Conclusion 544
The effect of the proposed incremental raises in canal stage on water table levels in agricultural fields 545 along a section of a major canal draining south Florida (i.e., C-111) and aquifer response to large storms 546 was investigated using MODFLOW and graphical analysis. The incremental raises in C-111 canal stage 547 are part of a large scale ecosystem restoration project which has the goal of restoring the hydrology of 548 Everglades National Park. The MODFLOW model predicted that the incremental raises in canal stage 549 resulted in significant differences in water table elevation within the adjacent agricultural areas. For the 9 550 and 12 cm increases in canal stage, water table elevations were predicted to occasionally extend into the 551 root zone for 3 out of the 5 well sites. Well 3 and well 5 sites (with ground surface elevation exceeding 2 552 m) were predicted to not be affected by any of the incremental raises in canal stage. The impact of 553 operational changes in canal stage management on the root zone saturation and groundwater flooding 554 depended on land surface topography and depth of rainfall events. Thus micro-topography within the field 555 can have a bigger influence on soil water content than distance from the canal. Based on graphical 556 analysis, low elevation lands (with surface elevation<2 m NGVD29) could have shorter growing seasons 557 if canal stage is increased 9 cm and beyond due to potential saturation of the root zone. 558 The MODFLOW based model was able to mimic the rise and fall of the water table similar to that 559 measured for Tropical Storm Isaac. Further exploration of canal-aquifer system response to 2-, 5-, 10-and 560 25-year return period storms and canal drawdowns suggested that if crops are present during storms 561 greater than a 2-year return period storm, yield losses could occur if pre storm canal drawdown is not 562 implemented at least 48 hour prior to the forecasted storm particularly in low elevation sites. Overall the 563 study concludes that canal drawdown is effective as a pre storm water management technique for 564 ensuring continued flood protection of agricultural lands within the C-111 basin. 565 
